The additive model for the convective and nucleate boiling components originally suggested by Bergles and Rohsenow (1964) 
in the channel. They also obtained local flow boiling data, which were correlated by modifying the Chen (1966) correlation. The two-phase multiplier F was correlated as a function of the Martinelli parameter X" for each geometry tested. A similar dependence of F on X" was observed with an earlier correlating scheme developed by Carey and Mandrusiak (1986) based on the annular film model. Robertson and Lovegrove (1983) conducted flow boiling experiments with R-l 1 in an electrically heated serrated-fin test section. The local heat transfer coefficients were correlated as a function of flow rate and quality. The contribution from nucleate boiling was not included in their correlating scheme.
A recent correlation developed by Kandlikar (1990a) for flow boiling in smooth circular tubes is able to correlate the data for refrigerants, cryogens, and water within an average error ranging from ±10 to ±20 percent. The correlation is based on an additive model for the convective boiling and the nucleate boiling contributions represented by the convection number, Co, and the boiling number, Bo. These dimensionless numbers were proposed earlier by Shah (1982) in his chart correlation. In another paper, Kandlikar (1991) presented a flow boiling map in which the parametric relationships between the heat transfer coefficient and the major variables were presented in terms of dimensionless parameters. Specific maps for water, R-22 and R-l34a were prepared by Kandlikar (1990b) for estimating the heat transfer coefficient under a given set of operating conditions for these fluids.
The basic model developed by Kandlikar (1990a) in arriving at the smooth tube correlation is now extended to cover augmented tubes and compact evaporator geometries. The details of the model and the results of a comparison with the available experimental data are reported in this paper.
Objectives of the Present Work
1 Develop a model for flow boiling heat transfer in augmented tube and compact evaporator geometries based on the additive concept for the convective and the nucleate boiling contributions.
2 Provide a quantitative measure for the type of augmentation (convective or nucleate boiling) occurring in a given geometry.
3 Compare the model predictions with the experimental data reported in literature.
Development of the Flow Boiling Model
The correlation developed by Kandlikar (1990a) 
The Dittus-Boelter correlation was originally employed by Kandlikar (1990a) for calculating h i0 in smooth tubes. In a subsequent paper, Kandlikar (1990b) recommended the Petukhov-Popov (1963) and the Gnielinkski (1976) correlations, which are able to account for the Prandtl number effect of different fluids more accurately than the Dittus-Boelter correlation.
The first terms on the right-hand side of Eqs. (2) and (3) represent the convective boiling components while the second terms represent the nucleate boiling components. Fj t is a fluiddependent parameter, which is applied as a multiplier in the nucleate boiling terms. Table 1 lists the values of Fj-/as reported by Eckels and Pate (1990) for R-134a, and by Kandlikar (1990a) for water and other refrigerants. F f i for nitrogen was also reported by Kandlikar (1990a) , but is likely to undergo further changes due to a wide scatter in the flow boiling data for nitrogen available at the present time. A material dependence of F" is reported by Kandlikar (1991b) . Above values are applicable to copper tubes only, for stainless steel tubes, use F,i = 1.0 for all fluids.
effects of x, G, q, and fluid properties on h TP in augmented tubes and compact evaporators are similar to those in smooth tubes as represented by Eqs. (l)-(3); one however needs to take into account the variation of heat flux over the extended surfaces. The augmentation in h T p is considered to be occurring due to two separate effects, represented by the augmentation factors E CB and E NB in the convective and the nucleate boiling terms, respectively. For augmented tubes with microscale protrusions (fin efficiency close to 100 percent), Eq. (1) 
The enhancement factors E C B and E NB are assumed to be characteristics of the augmented tube geometry, and independent of the operating parameters. The numerical constants appearing in Eqs. (4) and (5) are the same as those in the Kandlikar correlation for smooth tubes.
The heat transfer coefficient h h in Eqs. (4) and (5) is obtained from the single-phase correlation for the augmented geometry with total flow as liquid. One of the essential requirements for the single-phase correlation is to provide the correct Reynolds number relationship applicable to the augmented tube. In situations where a reliable single-phase correlation is not available, the Reynolds number exponent n in a Dittus-Boelter type correlation is treated as a third constant along with E C B and E NB , and their values are determined from the experimental flow boiling data.
A Model for Compact Evaporators.
The flow boiling heat transfer in compact evaporators differs from that in smooth tubes in two ways. Firstly, the geometries employed in compact evaporators are highly augmented with the use of cross ribs, interrupted plate fins, or other similar flow channels. Secondly, the nucleate boiling contribution varies considerably over the channel surfaces due to nonuniform fin surface temperature.
The model presented here utilizes the single-phase heat transfer correlation for compact evaporators to describe the dependence of the heat transfer coefficient on Re and Pr. The presence of fins is assumed to affect the nucleate boiling component as it is dependent on the local fin temperature, while the convective boiling component is assumed to be uniform over the entire fin and the prime surfaces at a given section. The resulting equations are given as follows: 
and
In Eqs. (6)-(ll), h /0 is the single-phase heat transfer coefficient in the compact evaporator with all flow as liquid. The values of Ffl and the numerical constants are the same as those in the Kandlikar correlation for smooth tubes. The boiling numbers on the prime surface, Bo/>, and on the fins, Bo/r, are different due to the differences in the respective heat fluxes, q P and q F (average heat flux over the fins). E CB and E NB are the augmentation factors for the convective boiling and the nucleate boiling terms, respectively, and are assumed to be characteristics of the compact evaporator geometry.
The overall heat transfer coefficient h TP<n is defined in terms of the total heat transfer rate dQ in an element and the temperature difference A7>" sat between the prime surface and the saturation temperature
where -q F is the fin efficiency. From Eqs. (12) and (13), h T p,r, may be expressed as
The average heat flux q may be expressed as
The heat fluxes q P and q F on the prime and fin surfaces, respectively, are given by (6)-(ll) are not known initially, and an iterative scheme with Eqs. (16) and (17) is needed when the average heat flux q is specified. The predicted value of h TPitl is then obtained from Eq. (14).
It may be noted that all heat transfer coefficient and heat flux values are local at any given section in the compact evaporator.
Comparison With Experimental Data
The flow boiling models presented earlier are compared here with the experimental data. For this purpose, three experimental investigations have been selected from the literature based on the completeness of the reported results and accuracy of measurements. Table 2 lists the details of the experimental conditions and an estimate of the errors involved in various measurements.
Results With Augmented Tube Data. The augmented tube correlation is checked with the data obtained by Khanpara et al. (1987) . They report the flow boiling data in a microfin tube with two refrigerants, R-113 and R-22. The microfin tube dimensions and other experimental details are given in Table  2 .
In the correlation developed here, the root diameter is used as the characteristic dimension for calculating Re and Nu, while the heat transfer coefficients h TP and h h are based on the actual inside surface area of the microfin tube.
Equations (1), (4), and (5) require information on the singlephase heat transfer coefficient with liquid flow for augmented tubes. The experimental results reported by Khanpara (1986) on the single-phase heat transfer coefficient with R-113 in the microfin tube indicate that Nu/Pr 04 is proportional to Re 1, 7 in the Re range from 6000 to 10,000, while the data for R-22 in the range 12,000 to 15,000 are well below the extension of the R-113 line. Also, the R-22 data are scattered by as much as a factor of 2 for a given Re. The scatter is believed to be due to wall temperature fluctuations caused by swirling/vortex shedding near the wall of the micro-fin tube. The two-phase data however do not exhibit such a scatter. For these reasons, the single-phase data could not be correlated with any reasonable accuracy. To overcome this problem, the Reynolds number exponent n is introduced as an additional constant in the Dittus-Boelter type single-phase correlation. The augmentation factors ECB and E NB in Eqs. (4) and (5) were modified to E C B and E^B to include the unknown leading constant (in place of 0.023) from the single phase correlation. The resulting equations take the following form: A total of 26 data points were reported by Khanpara (1986) for R-113 and 34 data points for R-22 for the microfin geometry listed in Table 2 . These data points were used in determining hn,, Experimental, W/irfK Fig. 1 Comparison between the model predictions and experimental data by Khanpara et ai. (1987) for flow boiling of R-22 and R-113 inside a microfin tube the constants n, E' CB , and E' NB in Eqs. (18) and (19). The combination of the three constants yielding the lowest rms error for both refrigerant data sets was selected.
, The values of the constants for the microfin tube determined from the data are n = 0.4, EQ B = 82.0, and E^B = 72.0. These values are specific to the microfin geometry listed in Table 2 . The rms, mean, and absolute mean differences between the experimental and the predicted values for R-113 and R-22 are given in Table 3 . percent within ±15 percent, and only one data point lies beyond ±18 percent. Considering the experimental uncertainty and the scatter in the experimental data sets, the agreement is seen to be very good. It may be noted that the same values of the augmentation factors E' CB and Eh B were able to correlate both R-113 and R-22 data sets obtained with the same microfin tube. These factors therefore are believed to be characteristic of the microfin tube in the range of parameters tested. Since the constant from the single-phase correlation is absorbed in these factors, only the ratio of the convective to the nucleate boiling augmentation can be obtained as E' CB /E^B = 82/72 = 1.14. This indicates that in the microfin tube tested, the convective augmentation is slightly higher than the nucleate boiling augmentation. Such information could be used in developing augmentation techniques suitable for specific applications. Incorporating smallscale surface changes on the tube surface such as re-entrant cavities and narrow grooves will enhance nucleate boiling and Ef/ B will increase, while the convective component and E' CB will increase if the tube surface offers large-scale disturbances due to fins, wires, ridges, and grooves.
Results With Compact Evaporator Data. The flow boiling model given by Eqs. (6)- (ll), (14), (16), and (17) was tested with the data reported by Robertson and Lovegrove (1983) for R-11 in a serrated plate fin evaporator, and by Cohen and Carey (1990) for two rib geometries of cross-ribbed channels. Some of the details of the experimental setup and measurement accuracy of the two investigations are given in Table 2 .
In the correlations presented for compact evaporators, Nu and Re are based on the hydraulic diameter of the flow channel, and the heat transfer coefficients h TPj1j h T p,p and h TPiF are defined by Eqs. (12), (16), and (17), respectively.
The single-phase heat transfer coefficients for the evaporators are obtained from Eqs. (20)- (23), which are derived from the experimental ./-Re plots.
Serrated fin geometry, Robertson and Lovegrove (1983) :
Cross-ribbed geometry, No. 1, Cohen and Carey (1990) :
Cross-ribbed geometry, No. 3, Cohen and Carey (1990) :
hi 0 is then obtained from the corresponding St /0 with all liquid flow as:
The fin efficiency expressions are as follows:
Cross-ribbed fin geometry, Cohen and Carey (1990) :
where m in Eqs. (24) and (25) is given by
A procedure similar to that explained for the augmented tubes was followed in obtaining the constants E CB and E NB from the experimental data. A total of 22 data points reported by Robertson and Lovegrove (1983) were utilized for the serrated plate fin evaporator, and 18 data points for geometry 1 and 14 data points for geometry 3 reported by Cohen and Carey (1990) were employed for the cross-rib geometry. The experimental data were first reduced to yield the value of h TPtn as defined by Eq. (14) .
The rms, mean and absolute mean differences between the experimental and the predicted values are given in Table 3 . Also, the values of the constants obtained from the data analysis are included.
Comparisons of the experimental and predicted values of the heat transfer coefficients for each data set are presented in Figs. 2, 3 , and 4. Two lines indicating the approximate accuracy limits of the experimental data are also drawn in Figs. 2-4. It can be seen that the model predictions are in excellent agreement with the experimental data.
The values of the convective boiling and the nucleate boiling augmentation factors are given in Figs. 2-4 as well as in Table  3 for each geometry investigated. It can be seen that the convective boiling augmentation E CB in compact evaporators is quite large compared to the nucleate boiling augmentation E NB . This is to be expected since the geometries considered do not have any special surface structure to enhance the nucleate boiling, whereas the complex flow passages provide a high degree of convective augmentation. In fact, the nucleate boiling is significantly suppressed (E NB < 1) in these geometries due to the presence of a high wall shear stress. Additional discussion on the suppression effects due to wall shear stress is presented by Kandlikar (1990c) .
Further comparison can be made between the two geometries tested by Cohen and Carey. The nucleate boiling enhancement factor for geometry 1 (E NB = 0.63) is higher than that for geometry 3 (Em = 0.30). This is in agreement with the visual observations made by Cohen and Carey (1990) through the top transparent cover on the flow channels. They observed a number of nucleation sites in the channel with geometry 1, while there were only a few small bubbles seen in the corner regions in geometry 3. On the other hand, the convective enhancement factor E C B for geometry 1 (E CB = 2.43) is lower than that for geometry 3 (E C B = 3.0). A closer look at the two geometries described in Table 2 and the single-phase correlations given by Eqs. (21)and (22) reveals that the flow passages for geometry 3 are more tortuous and yield a higher heat transfer coefficient than that for geometry 1. From the above discussion, it can be seen that the model developed here is able to provide important clues regarding the mechanisms during flow boiling inside augmented tubes and compact evaporators.
Additional Remarks
The results presented in this paper indicate that it is possible to extend the additive model employed in the Kandlikar (1990a) correlation for different geometries by critically evaluating the additional effects. Another area where these concepts could be employed is the flow boiling of multicomponent mixtures in smooth and enhanced tubes, and in compact evaporator geometries. Because of the additional complexity introduced due to mass transfer effects, the problem is unquestionably more challenging. The two aspects where attention should be focused are: (0 changes in properties with concentration and its effect on the convective and the nucleate boiling components, and (if) the complex effect of heat flux on the nucleate boiling component due to diffusion of one or more volatile components through the mixture. Results based on this approach are presented by Kandlikar (1991) for binary refrigerant systems.
A general comment seems appropriate here regarding the way in which the experimental heat transfer data are reported by the investigators of compact evaporators. They generally plot their h TP versus x data on a log-log scale. A linear scale for x however seems more appropriate since the changes in x are linearly related to the enthalpy changes (under constant system pressure assumption) along the evaporator. Further, the quality range from 0.01-0.1 is greatly expanded on a loglog plot, occupying almost half the width, while the range from 0.5 onward is compressed. The low-quality range is not used in the refrigeration evaporator, whereas the heat transfer and dryout considerations are of major importance in the highquality region of an evaporator. It is therefore recommended that a linear scale be used for x. The log scale for h TP may be justified when the post-dryout data, which are usually an order of magnitude lower than the wet surface data, are also shown on the same plot.
Conclusions
The additive model employed in the Kandlikar (1990) correlation is extended to cover the flow boiling heat transfer in augmented tubes and compact evaporators. Two separate augmentation factors are introduced in the convective and the nucleate boiling terms. In the case of compact evaporators, effects due to fin efficiency are included by using appropriate heat fluxes over the prime and the fin surfaces. Experimental data obtained by Khanpara et al. (1987) for R-22 and R-113 boiling in a microfin tube have been correlated with an average deviation of 8.3 percent. The augmentation factors have been found to be specific to the tube geometry and independent of the refrigerant or operating conditions over the range of parameters investigated. The compact evaporator data obtained by Robertson and Lovegrove (1983) for flow boiling of R-ll in a serrated plate-fin geometry, and by Cohen and Carey (1990) for flow boiling of R-113 in two cross-rib geometries were correlated with average deviations of 7.4, 6.1, and 2.9 percent respectively. The enhancement factors E C B and E NB in case of augmented tubes, and E C B and E m in case of compact evaporators, were able to provide important clues regarding the type of enhancement (convective or nucleate boiling) occurring in the channel during flow boiling.
